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1.  Introduction 


Because  of  its  transparency,  ease  of  fabrication,  superior  chemical  dur¬ 
ability  and  desirable  mechanical  properties,  glass  has  long  been  an  important 
material  of  engineering.  Despite  the  long  history  of  glass  technology,  glass 
science  is  actually  a  fairly  recent  development.  The  relatively  small  amount 
of  scientific  research  on  glasses  up  to  the  present  has  already  resulted  in 
significant  improvements  of  the  properties  of  old  glasses  and  the  development 
of  new  glasses.  However,  our  knowledge  is  still  insufficient  to  permit  exact 
explanation  or  predictions  or  properties  from  chemical  compositions.  This  is 
mainly  because  of  the  lack  of  structural  understanding  of  glasses. 

The  broad  objective  of  this  research  is  a  better  understanding  of  the  re¬ 
lation  between  structure  and  properties  of  inorganic  glasses.  From  such  struc¬ 
tural  knowledge,  glasses  of  controllable  and  predictable  properties  can  be 
prepared  by  controlling  their  chemical  compositions.  In  addition,  when  the 
glass-forming  regions  of  multi-component  phase  diagrams  are  known,  it  is  possi¬ 
ble  to  predict  the  ultimate  limits  of  certain  properties,  for  instance,  strength 
and  elastic  modulus. 

2.  Summary  of  Scientific  Background  on  this  Project 

This  application  of  structural  understanding  to  the  preparation  of  glasses 
of  superior  properties  has  already  been  demonstrated  for  some  oxide  glasses 
under  s  previous  research  grant  supported  by  AFOSR  at  the  University  of  Cali¬ 
fornia  at  Los  Angeles.  The  results  of  that  research  program  became  the  basis 
of  the  present  program.  It  is  thus  desirable  to  briefly  review  the  highlights 
of  the  previous  project. 

a)  Classes  of  Superior  Hardness 

From  work  on  flow  under  pressure,  we  had  achieved  a  significant  degree  of 
understanding  of  the  hardness  of  glass.  A  relation  was  developed  for  the  direct 
calculation  of  hardness  of  glass. 
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For  over  100  different  silicate  glasses,  calculated  and  observed  hardness  values 
were  found  to  be  in  agreement  to  +  10%. 

We  then  proceeded  to  utilize  this  equation  to  predict  hardness  from  chemi¬ 
cal  compositions.  A  large  number  of  new  glasses  were  melted  and  their  hard¬ 
nesses  measured.  Prior  to  our  work,  the  hardest  glass  known  was  silica  glass, 
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the  Vickers  hardness  of  which  is  540  kg/mm  .  The  hardest  glass  we  prepared  had 

2 

a  Vickers  value  of  1026  kg/mm  ,  some  60%  harder. 

b)  Direct  Calculation  of  Young’s  Modulus 

An  equation  was  derived  for  the  direct  calculation  of  Young's  Modulus  of 
a  wide  variety  of  glasses  from  chemical  compositions.^  Excellent  agreements 
were  obtained  for  silicate  glasses  and  borate  glasses.  This  development  now 
permits  the  prediction  of  what  glass  compositions  will  have  the  highest  modulus 
and  hence  can  lead  to  the  preparation  of  glasses  of  the  highest  modulus  possible. 
This  is  Important  not  only  for  bulk  glass  such  as  windows  but  also  for  glass- 
fibers  which  are  being  used  in  composite  systems. 

c)  Ion  Exchange  Under  Pressure 

The  ion-exchange  process  of  strengthening  glass  consists  of  the  immersion 

(2) 

of  a  solid  piece  of  glass  in  fused  salts.  The  smaller  ions  in  the  glass, 
such  ss  Li+  and  Na+  ions  will  exchange  with  larger  ions  in  the  fused  salt  such 
as  K+  Ions.  The  glass  is  kept  in  the  constant  volume  or  solid  state,  l.e., 
under  T^  so  that  the  ion-exchange  will  result  in  a  surface  layer  of  high  com¬ 
pression.  The  strengths  of  oxide  glasses  have  been  Increased  from  approximately 
10,000  psi  to  100,000  psl  by  this  method. 

From  the  results  of  our  studies  on  ionic  conductivity  and  viscous  flow 
under  pressure,  we  considered  that  studies  of  ion-exchange  under  pressure  was 
highly  desirable.  Preliminary  calculations  Indicated  that  If  the  pressure  was 
Increased  to  1  kllobar,  the  temperature  could  be  raised  about  70°  and  the  glass 
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would  still  remain  rigid.  The  electrical  resistivity  would  have  dropped  by 
•bout  an  order  of  magnitude  this  way.  The  above  ideas  were  based  on  the  as¬ 
sumption  that  ion-exchange  was  directly  prportional  to  ionic  conductivity.  If 
this  approach  was  correct,  the  ion-exchange  process  could  be  accelerated  very 
significantly. 

A  high  pressure  was  thus  designed  and  constructed.  Ion-exchange  experi¬ 
ments  were  carried  out  successfully  under  elevated  pressures.  The  preliminary 
results  obtained  were  encouraging.  This  approach  opened  up  significant  possi¬ 
bilities  in  obtaining  ultra-high  strength  glasses  with  a  new  process  which  could 
be  economically  exploited. 

The  results  obtained  were  not  only  promising  and  Interesting  but  also 
furnished  us  with  new  structural  understanding  of  oxide  glasses.  It  seemed 
likely  that  additional  research  utilizing  the  same  approach  would  be  desirable. 
The  present  research  project  was  then  initiated.  This  is  described  below. 

3.  Research  Carried  Out 

The  currently  concluded  research  program  under  Grant  No.  AFOSR  75-2764 
was  first  proposed  in  1974  and  the  program  was  reviewed  and  approved  at  yearly 
Intervals.  The  various  research  activities  carried  out  from  1974  to  1978  are 
briefly  described  below.  They  can  be  conveniently  divided  into  two  groups. 

a)  Thermal  Expansion  of  Oxide  Glasses 

The  applications  of  oxide  glasses  are  frequently  limited  by  their  ex¬ 
pansion  coefficients.  For  Instance,  an  oxide  glass  with  a  high  expansion  co¬ 
efficient  Is  susceptible  to  thermal  shock.  An  oxide  glass  with  a  low  expan¬ 
sion  coefficient  cannot  be  easily  laminated  to  organic  plastics.  Because  glasses 
of  both  high  and  low  expansion  coefficients  are  of  laportance  to  the  Air  Force, 
our  research  was  directed  towards  a  total  understanding  of  the  phenomenon  of 
thermal  expansion. 
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b)  Ion-Exchange  of  Oxide  Glasses 

Ion-exchange  can  be  utilized  to  strengthen  glasses  appreciably.  It  can 
also  be  utilized  to  modify  the  surface  property  of  glasses  such  as  chemical 
durability  and  refractive  index.  Because  both  strength  and  optical  properties 
of  glasses  are  of  importance  to  the  Air  Force,  our  research  could  affect  these 

properties. 

Important  research  accomplishments  are  summarized  below: 

4.  Research  Accomplishments 

a)  Thermal  Expansion  of  Oxide  Glasses 

When  an  oxide  glass  is  laminated  to  an  organic  plastic,  the  stress  de¬ 
veloped  at  the  interface  is  given  by  the  following  equation: 

E  E 

S  *  (T1  ‘  V  (aP  '  V  E^+E^ 

Tj  ■  temperature  of  lamination 

■  lowest  temperature  of  use  of  window 
a  <jg  “  expansion  coefficients  of  plastic  and  glass  respectively 
Ep,  eg  *  Young's  modulus  of  plastics  and  glass  respectively 

If  we  assume  Tj  to  be  250°C  and  T2  to  be  -50°C,  we  can  calculate  S,  the 
atreas  at  the  interface  for  two  cases. 

Case  I  —  Plastic  used  Is  Polyvinyl  Chloride 

Accession  For 

a  •  550  x  l(f 7  per  °C  f  NTIS  GHA&I  gj* 

DDC  TAB  P" 

Ep  -  0.37  x  10®  psi  Unannounced  |J 

^  |  Justification 

(a)  For  Window  Glass  ' - . — - 

_7  0  i  By _ _ 

°c  -  85  *  10  C  i  Dist.rlNitl  nn/ 

E  .  9  X  106  p.l  '  Availability  flnrt.s 

Avail  and/or 

^calculated  -  5139  psi  Dist  special 


Distribution/ 

j  Availability  Codes 

Avail  and/or 
Dist  special 


b)  For  High  Expansion  Glass 
a„  -  250  x  10"7  per  °C 

u 

E„  ■  6  x  10^  psi 

U 

C 

calculated  ■  3110  psi 

Conclusion:  The  decrease  in  the  stresses  generated  can  be  as  much  as  60%! 
This  is  true  even  if  the  real  values  of  the  stresses  developed  are  lower. 

If  we  can  develop  a  glass  of  higher  a,  the  decrease  in  stress  can  be  lower  than 
50%. 

Case  II  —  Plastic  used  as  Polyvinyl  Butyral 
ap  *  154  x  10  7  per  °C 
Ep  ■  3.7  x  10^  psi. 

a)  For  Window  Glass 

a  .  «  85  x  10  7  per  °C 

EG  -  9  x  106  psi 

c 

calculated  *  5460  psi 

b)  For  High  Expansion  Glass 

aG  -  150  x  10-7  per  °C 

E G  ■  7.7  x  10^  psi 

c 

calculated  ■  300  psi 

Conclusion:  The  stress  developed  can  be  practically  all  eliminated  if 
high  expansion  glass  is  available. 

It  is  thus  easily  seen  that  oxide  glasses  of  high  expansion  coefficients 
are  very  desirable  for  laminated  windows.  A  review  of  the  literature  Indicated 
that  the  expansion  of  glasses  was  not  well-understood  and  that  oxide  glasses  of 
high  expansion  were  not  being  offered  by  Industry  for  windows.  We  therefore. 
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proposed  to  develop  a  theory  for  the  calculation  of  thermal  expansion  of  glasses 
from  their  chemical  compositions.  High  expansion  glasses  would  then  be  made. 

Theoretical  studies  led  to  the  development  of  an  equation  for  the  calcu¬ 
lation  of  thermal  expansion.  The  equation  was: 

o|ll.2(V  -0.«>2>  /K  >X  }  {4.1£C  X  ) 
a  ■ _  r 

(3Vt  SGiXi  JXV  X  1C)4 

where  p  is  density,  V  is  packing  density,  R  /R  is  ratio  of  cation  to  anion 

t  C  d 

size,  is  bond  number  fraction,  is  heat  capacity,  is  dissociation  en¬ 
ergy  per  unit  volume,  is  molecular  weight.  Calculated  expansion  agrees  well 
with  observed  expansion  for  some  150  glasses. 

In  an  experimental  study,  over  50  phosphate  glasses  were  prepared  and  their 
expansion  coefficients  and  chemical  durability  studied.  Very  high  expansion 
glasses  (up  to  286  x  10  of  relatively  good  chemical  durability  were  success¬ 
fully  prepared. 

Glasses  of  high  expansion  coefficient  usually  have  poor  chemical  durability. 
A  concept  was  developed  to  use  a  high  expansion  glass  of  poor  chemical  durability 
and  to  lon-exchange  it  ao  that  the  surface  layer  would  be  of  good  chemical  dur- 
ability.  Since  the  bulk  of  the  glass  would  control  the  overall  expansion,  the 
high  expansion  would  be  retained. 

A  number  of  Na20.Si02  glasses  of  high  expansion  and  poor  chemical  dur¬ 
ability  were  prepared  and  ion-exchanged  in  molten  LiNO^.  The  chemical  durability 
has  increased  by  some  3*j  orders  of  magnitude.  In  addition,  the  LijO-rich 
eurfece  produced  a  slight  compressive  effect  and  gave  an  average  of  20Z  Increase 
in  the  tensile  strength.  Samples  of  such  glasses  were  laminated  to  organic 
polymers  and  showed  great  Improvements  over  ordinary  window  glees  in  that  de- 
lamination  no  longer  occurred  on  cooling.  Similar  results  were  obtained  with 
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phosphate  glasses. 

Because  of  the  need  of  very  low  expansion  glasses  and  glass-ceramics 
which  would  minimize  thermal  6hock  on  exposure  to  lasers,  we  have  been  study¬ 
ing  the  system  Gl®sses  from  this  system  have  unexpectedly 

(3)  + 

low  expansion.  The  reasons  were  unknown.  The  copper  ions  exist  as  Cu  and 

2+ 

Cu  in  the  glass.  The  ionic  radii  of  these  ions  are  practically  the  same  as 
+  2+ 

Na  and  Zn  .  We  thus  prepared  ^£0.  ZnO.  SiOj  glasses.  Their  expan¬ 

sions  were  very  high.  The  size  and  valence  of  the  copper  ions  were  therefore 
not  responsible  for  low  expansion.  Electron  microscopy  revealed  that  the 
glasses  were  phase-separated.  Presumably,  a  low  expansion  matrix  phase  con¬ 
trols  the  expansion.  Although  we  were  unsuccessful  in  the  preparation  of  new, 
transparent,  low  expansion  glasses,  understanding  of  why  the  copper  alumino¬ 
silicate  glasses  have  such  low  expansions  was  obtained. 

In  the  course  of  heat-treatment  of  the  C^O.  Af^Oj-  SiOj  glasses,  a  new 
family  of  glass  ceramics  was  discovered  which  have  negative,  zero,  and  small 
positive  expansions  and  high  temperature  stability,  (to  1000°C).  The  addi¬ 
tions  of  minor  amounts  of  BjO^,  Na2°»  etc*  levered  the  melting  tempera¬ 

tures  of  the  glass  but  did  not  effect  the  expansion  of  the  glass-ceramics. 

b)  Ion-exchange  of  Oxide  Classes 

In  the  course  of  this  research,  it  was  discovered  that  if  a  glass  were 
to  .be  subjected  to  hydrostatic  .pressure  for  a  short  time  at  an  elevated 
temperature,  (300  atms.  2  hrs.,  325°C,  for  Instance)  and  then  this  glass  was 
isn-mschanged  in  a  fused  salt  bath  at  1  atmosphere,  very  significant  Increased 
strengthening  wee  possible.  For  example,  without  this  pre-treatment,  a  glass 
with  a  tensile  strength  of  16,000  p.s.l.  can  be  strengthened  to  43,000  p.s.i. 
With  the  pre-treatment,  the  strength  is  Increased  to  64,000  p.s.l. 
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This  very  interesting  behavior  through  the  pretreatment  process  can  have 
important  practical  consequences  since  very  high  strength  windows  can  now  be 
made  easier  and  cheaper. 

A  variety  of  experimental  tools  were  use  in  an  attempt  to  reveal  the  exact 
nature  of  this  pressure  treatment.  Electron-microprobe,  Auger  electron  microscopy, 
ESCA  and  Secondary  Ion  Mass  Spectrometer  analysis  were  used.  However,  the  re¬ 
sults  were  ambiguous.  They  did,  nevertheless,  indicate  that  slight  variations 
on  the  surface  of  the  glass  had  occurred  after  the  pressure  treatments.  Very 
careful  weight  change  experiments  were  made  after  ion-exchange  and  the  results 
of  samples  with  and  without  the  pressure  treatment  compared.  Apparently,  the 
ion-change  after  pressure  treatment  was  more  rapid.  That  such  minor  alter¬ 
ations  on  the  glass  surface  could  have  such  major  effects  on  ion-exchange  was 
unexpected  and  warranted  further  study. 

Careful  considerations  of  the  ion-exchange  process  indicated  that  the 
elastic  modulus  of  the  glass  must  be  affected  and  must  also  be  considered  before 
one  could  attempt  to  understand  the  strengthening  process.  Surprisingly,  it 
was  discovered  that  there  was  no  published  information  on  the  effects  of  ion- 
exchange  on  elastic  modulus.  This  work  suggested  that  a  study  of  the  relation 
between  ion-exchange  and  elastic  modulus  would  be  Important  and  could  lead  to 
the  preparation  of  oxide  glasses  of  high  elastic  modulus. 

5.  Relevance  of  this  Program  to  Air  Force 

Glass  Is  an  important  structural,  optical  and  electronic  material  to  the 
Air  Force.  The  general  relevance  of  a  study  of  the  relationship  between  glass 
structure  and  glass  properties  to  Air  Force  needs  is  obvious.  More  specific¬ 
ally,  the  Important  Implications  of  the  present  research  are: 

a)  Improved  laminated  windows  for  aircraft 

b)  Stronger,  harder  and  cheaper  strengthened  glasses 


c)  Laser  resistant  glasses  and  glass  systems  for 
windows  and  missiles. 

6.  Other  Achievements 

a)  Primarily  because  of  continuing  opportunity  to  conduct  research  on 
glass  under  AFOSR  sponsorship,  J.D.  Mackenzie  was  elected  to  the 
National  Academy  of  Engineering  in  1966  for  contributions  to  glass 
science  and  technology. 

b)  J.D.  Mackenzie  was  invited  by  the  Japan  Ceramic  Association  to  be  its 
Distinguished  Lecturer  in  1976,  being  the  first  foreign  scientist  so 
honored. 

c)  J.D.  Mackenzie  has  continued  as  Editor-in-Chief  of  the  Journal  of 
Non-Crystalline  Solids  which  has  now  become  the  foremost  international 
journal  on  glass  science. 

d)  J.D.  Mackenzie  was  awarded  a  visiting  professorship  by  the  Japan  Asso¬ 
ciation  for  the  Promotion  of  Science  in  1978  and  lectured  in  Japan  for 
six  weeks  on  glass  science. 

e)  The  following  thesis  were  awarded  to  the  students  named  below,  based 
on  research  supported  by  AFOSR: 

J.  Wakakl,  M.S.  J.  Crandall,  M.S. 

K.  Kadokura,  M.S.  R.  Almeida,  M.S. 

7.  Publications  in  this  Period 

"Development  of  Glasses  for  Some  Mew  Applications,"  Proc.  Tenth  Inter. 
Cong,  on  Class.  71-81  (1974),  by  J.D.  Mackenzie 

"Preparation  of  Lew  Dielectric  Constant  Glasses,"  J.  Non-Crystalline 
Solids.  16.  313-314  (1974)  by  F.  Chen,  B.  Dunn  and  J.D.  Mackenzie 

"Vickers's  Hardness  of  Glass,"  by  J.  Non-Crystalline  Solids.  15.  153-164 
(1974)  by  M.  Yamane  and  J.D.  Mackenzie 
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c)  Laser  resistant  glasses  and  glass  systems  for 
windows  and  missiles. 

6.  Other  Achievements 

a)  Primarily  because  of  continuing  opportunity  to  conduct  research  on 
glass  under  AFOSR  sponsorship,  J.D.  Mackenzie  was  elected  to  the 
National  Academy  of  Engineering  in  1966  for  contributions  to  glass 
science  and  technology. 

b)  J.D.  Mackenzie  was  invited  by  the  Japan  Ceramic  Association  to  be  its 
Distinguished  Lecturer  in  1976,  being  the  first  foreign  scientist  so 
honored. 

c)  J.D.  Mackenzie  has  continued  as  Editor-in-Chief  of  the  Journal  of 
Non-Crystalline  Solids  which  has  now  become  the  foremost  international 
journal  on  glass  science. 

d)  J.D.  Mackenzie  was  awarded  a  visiting  professorship  by  the  Japan  Asso¬ 
ciation  for  the  Promotion  of  Science  in  1978  and  lectured  in  Japan  for 
8 lx  weeks  on  glass  science. 

e)  The  following  thesis  were  awarded  to  the  students  named  below,  based 
on  research  supported  by  AFOSR: 

J.  Wakaki,  M.S.  J.  Crandall,  M.S. 

K.  Kadokura,  M.S.  R.  Almeida,  M.S. 

7.  Publications  in  this  Period 

"Development  of  Classes  for  Some  New  Applications,"  Proc.  Tenth  Inter. 
Cong,  on  Glass,  4^  71-81  (1974),  by  J.D.  Mackenzie 

"Preparation  of  Low  Dielectric  Constant  Glasses,"  J.  Non-Crystalline 
Solids.  16.  313-314  (1974)  by  F.  Chen,  B.  Dunn  and  J.D.  Mackenzie 

"Vickers's  Hardness  of  Glass,"  by  J.  Non-Crystalline  Solids.  15,  153-164 
(1974)  by  M.  Yamane  and  J.D.  Mackenzie 
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"Heterj unction  Formation  Using  Amorphous  Materials,"  Appl.  Phys.  Letters, 

26,  85-86  (1975)  by  B.  Dunn,  J.K.  Clifton,  J.V.  Masi  and  J.D.  Mackenzie 

"Chemical  and  Physical  Properties  of  Obsidian:  A  Naturally  Occurring 
Glass,"  J.  Non-Crystalline  Solids,  17,  129-142  (1975)  by  J.E.  Ericson, 

R.  Berger,  A.  Makishima,  and  J.D.  Mackenzie 

"Calculation  of  Bulk  Modulus,  Shear  Modulus  and  Poisson's  Ratio  of  Glass," 

J.  Non-Crystalline  Solids,  17,  147-157  (1975)  by  A.  Makishima  and 
J.D.  Mackenzie 

"Desalination  Using  Porous  Glass  Tube  Coated  with  Thin  Cellulose  Acetate," 
Yogyo-Kyokai-Shi ,  83,  507-510  (1975)  by  A.  Makishima  and  J.D.  Mackenzie 

"Preparation  of  Hard  Glass,"  submitted  to  AFOSR;  approval  to  publish  not 
yet  granted  because  of  patent  possibility,  by  K.  Park  and  J.D.  Mackenzie 

"Structure  and  Ionic  Properties  of  Glass,"  Int.  Rev.  of  Science,  Phys. 

Chem.  Series  2,  6,  Ed.  by  J.  Bockris,  Butterworths ,  London  (1975)  by  B.  Dunn 
and  J.D.  Mackenzie 

"Physics  and  Chemistry  of  the  Hydration  Process  in  Obsidians,  I:  Theoret¬ 
ical  Implications,"  Advances  in  Obsidian  Glass  Studies,  ed.  by  R.E.  Taylor, 
Noyes  Press,  N.J.  (1976)  by  J.E.  Ericson,  R.  Berger  and  J.D.  Mackenzie 

"The  Electrical  Properties  of  Thin  Films  of  TiN  and  TiC  ,"  2.  furer 
Naturfors.  36a,  1661-1666  (1976)  by  P.J.P.  deMaayer  andxJ.D.  Mackenzie 

"Transport  Properties  of  Glass-Silicon  Heterojunctions,"  J.  App.  Phys., 

47,  1010-1014  (1976)  by  B.  Dunn  and  J.D.  Mackenzie 

"Calculation  of  Thermal  Expansion  Coefficient  of  Glasses,"  J.  Non-Crystal- 
line  Solids,  22.  305-313  (1976)  by  A.  Makishima  and  J.D.  Mackenzie 

"Effect  of  Defect  Structure  of  Non-Stoichiometry  on  the  Optical  Properties 
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